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Sleep complaints increase profoundly with age; prevalence estimates of insomnia in the
elderly reach up to 37%.The three major types of nocturnal complaints are difficulties initi-
ating (DIS) and maintaining (DMS) sleep and early morning awakening (EMA), of which the
latter appears most characteristic for aging. The neural correlates associated with these
complaints have hardly been investigated, hampering the development of rational treat-
ment and prevention. A recent study on structural brain correlates of insomnia showed
that overall severity, but not duration, of insomnia complaints is associated with lower gray
matter (GM) density in part of the left orbitofrontal cortex (OFC). Following up on this, we
investigated, in an independent sample of people not diagnosed with insomnia, whether
individual differences in GM density are associated with differences in DIS, DMS, and EMA.
Sixty five healthy participants (mean age=41 years, range 18–56) filled out questionnaires
and underwent structural magnetic resonance imaging. Three compound Z-scores were
computed for questionnaire items relating to DIS, DMS, and EMA.Whole-brain voxel-based
morphometry was used to investigate their association with GM density. Results show that
participants with lower GM density in a region where the left inferior OFC borders the insula
report more EMA, but not DIS or DMS.This is the first study to investigate structural brain
correlates of specific sleep characteristics that can translate into complaints in insomniacs.
The selective association of EMA with orbitofrontal GM density makes our findings partic-
ularly relevant to elderly people, where EMA represents the most characteristic complaint.
It is hypothesized that low GM density in aforementioned orbitofrontal area affects its role
in sensing comfort. An intact ability to evaluate comfort may be crucial to maintain sleep,
especially at the end of the night when sleep is vulnerable because homeostatic sleep
propensity has dissipated.
Keywords: insomnia, aging, early morning awakening, orbitofrontal cortex, voxel-based morphometry, structural
magnetic resonance imaging
INTRODUCTION
With prevalence estimates of 4–11%, chronic insomnia belongs to
the most common disorders. The most important risk factor for
insomnia is age; estimates of the prevalence in elderly people reach
up to about 40% (Foley et al., 1995; Morphy et al., 2007). Individ-
ual sleep complaints are much more frequent, with an estimated
one third of the population experiencing at least one DSM-IV
insomnia symptom (Ohayon, 2002). Three relatively independent
Abbreviations: DIS, difficulties initiating sleep; DMS, difficulties maintaining sleep;
EMA, early morning awakening; GM, gray matter; MRI, magnetic resonance
imaging; OFC, orbitofrontal cortex; ROI, region of interest; VBM, voxel-based
morphometry.
major sleep complaints can be discriminated, which can be present
with variable severity; difficulties initiating sleep (DIS), difficulties
maintaining sleep (DMS), and early morning awakening (EMA;
American Psychiatric Association, 1994; American Academy of
Sleep Medicine, 2005). Of these three, complaints of EMA most
clearly increase with age, while DIS may actually decrease with age;
both in clinically diagnosed insomniacs and in the general pop-
ulation of elderly people (Abe and Suzuki, 1985; National Sleep
Foundation, 2003a,b). Additional daytime complaints of insom-
niacs concern non-restorative sleep and problems with daytime
functioning.
In spite of the high prevalence and strong impact on well-
being, quality of life and society (Leger and Bayon, 2010), the brain
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mechanisms underlying insomnia have hardly been explored. Sev-
eral psychological models have been proposed, mostly addressing
three factors; predisposing personality traits like the tendency to
worry, precipitating events like stress, and perpetuating attitudes
and practices like misconceptions about required sleep (Spielman,
1986; Perlis et al., 1997). Physiological observations have identified
a “hyperaroused” central and autonomic nervous system profile;
not only in insomniacs (Bonnet and Arand, 1997; Riemann et al.,
2010), but also in individuals that are at risk of developing insom-
nia (Fernandez-Mendoza et al., 2010). Nevertheless, the brain
mechanisms that underlie predisposing traits and a hyperaroused
profile have hardly been explored.
Behavioral genetics studies in cohorts of twins and fami-
lies indicate a considerable heritability of insomnia (Beaulieu-
Bonneau et al., 2007) as well as sleep complaints in general
(Boomsma et al., 2008). Heritable structural brain characteris-
tics that might be associated with insomnia complaints are thus
of particular interest. One of the most heritable structural brain
characteristics is the topography of cerebral cortical gray matter
(GM) density, particularly so for prefrontal GM where heritabil-
ity estimates reach up to 95% (Thompson et al., 2001). A recent
study demonstrated that elderly insomniacs have a significantly
reduced GM density in part of the left orbitofrontal cortex (OFC;
Altena et al., 2010). The reduction was found in a region com-
patible with the border of Brodmann areas 47/12M and 13L of
the “orbital network” (Ongur et al., 2003), which is proposed to
be essential for the hedonic evaluation of somatosensory input
(Kringelbach, 2005), including the evaluation of thermal comfort
(Dunn et al., 2010). The observation of compromised thermal
comfort-evaluation abilities in elderly insomniacs (Raymann and
Van Someren, 2008) supports the possible functional relevance of a
reduction in GM density in this relatively small orbitofrontal area.
Furthermore, individual differences in GM density in the afore-
mentioned region were strongly correlated with differences in the
overall severity of complaints, rendering it the first candidate for
a structural brain correlate of insomnia (Altena et al., 2010). In
striking contrast, individual differences in GM density were not
associated with differences in the duration of insomnia. This dis-
sociation suggests that a low GM density in a region at the border
of areas 47/12M and 13L of the OFC is more likely to represent
a pre-existing vulnerability to insomnia complaints, rather than a
consequence of having experienced a period of insomnia.
The present study aimed to follow up on the promising sug-
gestion of a neural correlate of insomnia by Altena et al. (2010),
by investigating, in an independent sample of participants not
diagnosed with insomnia, whether individual differences in GM
density in aforementioned orbitofrontal region of interest (ROI)
are associated with individual differences in the three major types
of sleep characteristics: DIS, DMS, and EMA.
MATERIALS AND METHODS
PARTICIPANTS AND PROCEDURES
Good quality magnetic resonance imaging (MRI) scans and com-
pleted questionnaires could be obtained from 65 self-declared
healthy controls participating in the Netherlands Study of Depres-
sion and Anxiety (NESDA) neuroimaging study, which is part of
a large-scale multisite, longitudinal, observational cohort study
on the development and course of anxiety and depression (Pen-
ninx et al., 2008). Participants were between 18 and 57 years of
age and had never been diagnosed with any of the DSM-IV disor-
ders (American Psychiatric Association, 1994). Further exclusion
criteria were the presence or history of major internal or neu-
rological disorder, dependence on or recent abuse (past year)
of alcohol and/or drugs, hypertension, any suspicion of current
subclinical depression (see van Tol et al., 2010), and contraindi-
cations for participating in an MRI study. Diagnoses according to
DSM-IV criteria were established using the structured Composite
International Diagnostic Interview, lifetime version 2.1 (Robins
et al., 1988), assessed by a trained interviewer. Table 1 provides
an overview of participant characteristics, including data on cir-
cadian preference (mid-sleep time on free days corrected for sleep
debt, computed as described in the supplemental data of; Roen-
neberg et al., 2004) and overall severity of insomnia complaints
(total score on the Women’s Health Initiative Insomnia Rating
Scale; WHIIRS, see below). The ethical review boards of each cen-
ter approved this study and all participants provided consent after
receiving written information.
ASSESSMENT OF SLEEP COMPLAINTS
Participants filled out a range of self-rating questionnaires, which
included the WHIIRS (Levine et al., 2003a,b) and an early ver-
sion of the Munich Chronotype Questionnaire (MCTQ, Zavada
et al., 2005). Although the WHIIRS has only been validated in
women, it contains clearly defined items pertaining to all the core
symptoms of insomnia and can thus readily be used to investi-
gate structural brain correlates of specific sleep characteristics in
both women and men. Compound Z -scores were computed for
questionnaire items relating to the three main sleep characteris-
tics: DIS, DMS, and EMA. An estimate of DIS was obtained by
calculating the average of standardized ratings on an item of the
WHIIRS that asked about trouble falling asleep, and three items
of the MCTQ, which ask for the time needed to fall asleep on
workdays, on days off, and in general, respectively. An estimate
of DMS was obtained by calculating the average of standardized
ratings on three items of the WHIIRS that ask about waking up
several times at night, about having trouble getting back to sleep,
and about restlessness of one’s typical night’s sleep. An estimate
of EMA was obtained by calculating the average of standardized
ratings on an item of the WHIIRS asking about waking up earlier
than planned, and two items of the MCTQ (Zavada et al., 2005)
that ask for the time in the morning one is wide awake on workdays
and days off.
Table 1 | Participant characteristics [numbers, ratios, and
mean± standard deviation (range)].
Cases (#) 65
Sex (male/female) 24/41
Age (years) 40.5±9.71 (21, 56)
Scan site (AMC/LUMC/UMCG) 27/26/12
Total gray matter volume (cc) 725.5±76.6 (565, 924)
Mid-sleep time on free days, corrected
(time, N =54)
4:04±30 min (2:53, 5:55)
WHIIRS score (N =62) 4.97±3.47 (0, 15)
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MAGNETIC RESONANCE IMAGING ACQUISITION
Imaging data were acquired using a Philips 3T MRI system
(Best, The Netherlands) located at the Leiden University Med-
ical Center (LUMC), Amsterdam Medical Center (AMC) of
the University of Amsterdam or the University Medical Cen-
ter Groningen (UMCG), equipped with a SENSE-8 (LUMC
and UMCG) or SENSE-6 (AMC) channel head coil. For
each subject, anatomical images were obtained using a sagittal
three-dimensional gradient-echo T 1-weighted sequence (repeti-
tion time= 9 ms; echo time= 3.5 ms; matrix= 256× 256; voxel
size= 1 mm isotropic; 170 slices).
VOXEL-BASED MORPHOMETRY-PROCESSING
Imaging data were analyzed using voxel-based morphome-
try (VBM: Ashburner and Friston, 2000) with Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra (DAR-
TEL:Ashburner,2007) in the Statistical Parametric Mapping (SPM
version 5; http://www.fil.ion.ucl.ac.uk/spm) suite of tools. DAR-
TEL is a fully deformable registration and normalization method
that is effectively unconstrained by number of degrees of freedom.
It has proven good registration accuracy and has been recom-
mended in favor of standard SPM normalization or the SPM
unified segmentation approaches for whole-brain and regional
analysis without segmenting regions of interest (Yassa and Stark,
2009). Pre-processing of the images has been described in detail
previously (van Tol et al., 2010) and included (1) manual reori-
entation; (2) segmentation; (3) registration, normalization, and
modulation (leaving the images in DARTEL template space at
a resolution of 1.5 mm isotropic); and (4) smoothing at 8 mm
full-width at half-maximum. Total (native) GM volume for each
participant was computed by summing all the voxels in their GM
image resulting from segmentation (step 2).
VOXEL-BASED MORPHOMETRY ANALYSIS
Using the peak voxel from the voxel-wise regression analysis
against severity of insomnia as reported in Altena et al. (2010), we
created a spherical ROI with a 16 mm radius in aforementioned
DARTEL template space. First, a matrix describing registration
from Montreal Neurological Institute (MNI) space to DARTEL
template space was computed using fully affine registration. Next,
the obtained transformation matrix was used to transform MNI
coordinates (x, y, z =−20, 22,−14) to the present DARTEL tem-
plate space. Finally, a sphere with a 16 mm radius was centered on
these coordinates using the WFU Pickatlas tools (Maldjian et al.,
2003, 2004). Visual inspection showed that the resulting ROI pre-
dominantly contained parts of the left OFC as well as smaller parts
of the left medial frontal, anterior insular and subcallosal cortex,
and left caudate. All voxel-wise analyses were performed using
the general linear model framework of SPM (Friston et al., 1995).
To test for associations with DIS, DMS, and EMA, a whole-brain
voxel-wise regression analysis was performed. Age, sex, total GM
volume, and imaging site (by means of two dummy variables)
were entered as covariates in each analysis. To achieve maximal
sensitivity, optimize voxel residual smoothness estimation, and
exclude false positives outside GM tissue, voxel-wise analyses were
masked using a explicit optimal threshold GM mask created using
the Masking toolbox (Ridgway et al., 2009). To preserve optimal
normalization accuracy, we left the normalized, modulated, and
smoothed images in DARTEL space. Therefore, coordinates are
not equivalent to MNI coordinates. Regions are identified using
the detailed brain atlas of Talairach and Tournoux (1988). Addi-
tionally, we registered the DARTEL template to MNI space and
applied the resulting transformation matrix to the coordinates of
the peak voxel in DARTEL space, resulting in an approximation of
the location in standard space.
Statistical thresholding was performed roughly analogous to
the original publication by van Tol et al. (2010); i.e., when perform-
ing whole-brain voxel-wise analyses we applied different statistical
thresholds for analysis within and analysis outside a ROI. For
analyses within the 16 mm radius spherical ROI centered on the
peak voxel reported by Altena et al. (2010), we used a two-step
approach to reduce the likelihood of Type I errors. Initially, a
whole-brain voxel-wise height-threshold of Z > 3.09 (P < 0.001)
and cluster size threshold of 50 contiguous voxels was set. If this
initial analysis showed a significant cluster within our ROI, it was
followed by a conclusive analysis within our ROI at a threshold of
P < 0.05, family wise error voxel-corrected. For analysis outside
our ROI, a whole-brain threshold of P < 0.05 family wise error
cluster-corrected was set.
To gain more insight into effect size as well as for illustrative
purposes, we computed mean GM density within significant clus-
ters by averaging of the GM probabilities for each voxel in a cluster.
To investigate the amount of explained variance in mean GM den-
sity within a significant cluster by DIS, DMS, and EMA, multiple
regression analysis was performed twice; once with and once with-
out DIS, DMS, or EMA, using age, sex, total GM volume, and
imaging site (by means of two dummy variables) as predictors of
no interest in each analysis.
ANALYSIS OF SLEEP MEASURES
The general linear model framework of Statistical Package for the
Social Sciences (SPSS version 17.0, Chicago, IL, USA) was used
for the analyses of compound Z -scores. Reliability (internal con-
sistency) of the DIS, DMS, and EMA measures was evaluated by
calculating Cronbach’s alpha.
MISSING DATA
In case of missing values on any of the questionnaire items in a par-
ticipant, compound Z -scores were computed over the remaining
items for that specific sleep complaint. For DMS, compound Z -
scores could not be computed in three participants because scores
were not available for any of the three items that make up DMS,
leaving 62 participants for the analysis of the association of GM
density and DMS.
RESULTS
VOXEL-BASED MORPHOMETRY ANALYSIS
Voxel-wise analysis showed that the EMA compound Z -score sig-
nificantly predicted GM density in a 66 voxel, 0.223 cc cluster at
P < 0.001 uncorrected. The complete cluster was located within
our 16 mm radius spherical ROI and the peak voxel (approximate
MNI coordinates=−30, 13, −13) survived correction for mul-
tiple comparisons (P = 0.029, family wise error voxel-corrected).
An auxiliary analysis, using mid-sleep time on free days (corrected
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FIGURE 1 | Effects of voxel-based regressions. A cluster of voxels is shown
in which GM probability was a significant predictor for the early morning
awakening compound Z -score, overlaid on all coronal (A), axial (B), and
sagittal (C) 1.5 mm slices that contain the cluster from the DARTEL template,
according to neurological convention (left= left). The blue bar in the localizer
on the left side of the panels represents the slab of which slices are shown on
the right. Note that the cluster overlaps the border of the inferior part of the
orbitofrontal cortex and the most anterior aspect of the insular cortex.
for sleep debt) instead of EMA to predict GM density, showed no
significant voxels within our ROI at P < 0.001 uncorrected. The
cluster for EMA encompassed the region where the left inferior
OFC borders with the most anterior aspect of the insular cortex
(Figure 1). The association of EMA with the average GM den-
sity within this cluster (i.e., an average of the GM probabilities
for each voxel in the cluster) is visualized in the scatterplot of
Figure 2; EMA explained an additional 6% of variance on top
of the other predictors age, sex, total GM volume, and imaging
site. Voxel-wise analysis at P < 0.001 uncorrected within our ROI
showed no significant association of GM density with either DIS
or DMS.
No effects were observed when testing at the conservative
threshold of P < 0.05 family wise error cluster-corrected. At the
liberal threshold of P< 0.001 uncorrected, only a single cluster
was found outside our ROI for EMA (in the posterior division of
the right superior temporal gyrus), which speaks to the specificity
of the observed effect in our voxel-wise ROI analysis.
SLEEP COMPLAINTS
Although Cronbach’s alpha underestimates reliability when com-
puted for a limited number of items, it demonstrated at least a
minimally acceptable to even good internal consistency for the
compound Z -scores when compared to commonly used stan-
dards for larger item pools (Cronbach’s alpha DIS: α= 0.85, DMS:
α= 0.69, and EMA: α= 0.59). As to independence of the three
compound scores, correlation analysis demonstrated that DIS was
relatively independent of both DMS [r(62)= 0.20, P = 0.12] and
EMA [r(65)= 0.06, P = 0.66], while DMS and EMA showed a
significant correlation [r(62)= 0.52, P < 0.001].
DISCUSSION
We aimed to investigate whether individual differences in GM
density in a ROI compatible with the border of Brodmann areas
13L and 47/12M of the left OFC are associated with individual
differences in the self-reported degree by which they experienced
DIS, DMS, and EMA. This ROI was chosen because previous work
from our group showed a strong correlation between GM density
in this area and the severity of complaints in people diagnosed with
chronic primary insomnia (Altena et al., 2010), thus indicating it
to be a neural correlate of insomnia severity. The present study
also supports an involvement of this area in sleep characteristics
of people that have not been diagnosed with insomnia. More-
over, findings indicate that the association is specific for EMA; it
was absent for difficulties initiating and maintaining sleep. This
selectivity makes our findings particularly relevant to elderly peo-
ple; EMA represents the complaint that most characteristically
increases with age (Abe and Suzuki, 1985) and prefrontal GM vol-
ume is especially vulnerable to age-related decline (Raz et al., 1997,
2005; Good et al., 2001).
The present study has a considerable limitation with respect to
the quantification of DIS, DMS, and EMA. We calculated summary
Z -scores over relevant items derived from different self-rating
questionnaires designed for different purposes, for which data was
available in the NESDA study. DIS was computed over four items,
while DMS and EMA were both calculated over three items. With
very few items, it is unlikely to obtain high alphas unless the items
are nearly identical to one another. Considering the small number
of items used and their inevitable heterogeneity, even reliabili-
ties above four are often considered reasonable. We can at present
only conclude that orbitofrontal GM density shows a significant
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FIGURE 2 | Scatterplot showing that individuals (represented by a dot)
with less GM in a cluster compatible with the border of areas 13L and
47/12M of the left orbitofrontal cortex are more likely to experience
earlier morning awakening.The solid line represents the linear
regression fit.
negative association with earlier awakening in the morning, which
may or may not result from different underlying causes and may
not be independent of DMS. It would be interesting to investigate,
using large item pools, whether DIS, DMS, and EMA are each uni-
dimensional, or rather multidimensional, constructs. Presently, we
are not aware of sleep questionnaires that evaluated and validated
unidimensional multi-item subscales for DIS, DMS, and EMA.
For the current study, imaging and questionnaire data was
available for a sample of individuals spanning a wide age range
(18–56 years). As both sleep complaints and brain atrophy increase
with age, the observed correlations could in theory merely be due
to common age affects. However, both native total GM volume and
age were included as confound regressors in all our analyses, thus
correcting for intra-individual differences in global brain atrophy
as well as age-related changes in local GM volume. Consequently,
we are confident that common aging effects cannot explain the
observed relation between GM density and EMA.
The orbitofrontal area we focused on in the present study may
represent a “hot-spot” for the hedonic evaluation of somatosen-
sory input since it activates with pleasant stimuli (Kringelbach,
2005). It is important to note that there does not appear to be a
unidimensional monotonic deactivation of this area from plea-
sure to aversion; the latter activating a more lateral orbitofrontal
area instead (O’Doherty et al., 2001). A recent human brain imag-
ing study elegantly showed that an orbitofrontal region compatible
with the border of areas 13L and 47/12M is key to the evaluation of
thermal comfort, irrespective of the evaluation of warmth or cool-
ness itself (Dunn et al., 2010). This finding is of interest, because
insomniacs have a compromised ability to judge thermal comfort
(Raymann and Van Someren, 2008) and even small deviations
from comfortable temperature have a strong impact on sleep (Van
Someren, 2004, 2006; Raymann et al., 2008). It is tempting to
suggest that a low GM volume in the orbitofrontal region at the
border of areas 13L and 47/12M could predispose people to sub-
optimal sensing of comfort. An intact ability to evaluate comfort
may be crucial to maintain sleep especially at the end of the night,
when sleep is vulnerable because homeostatic sleep propensity has
dissipated.
The cluster where the present study found EMA to account for
6% of the interindividual variability in GM density is not limited to
the OFC, but extends toward the border of the insula. The insula is
an interesting area with respect to the slow oscillations that charac-
terize deep non-REM sleep. High-density sleep-EEG studies have
demonstrated that slow oscillations tend to travel over the cortex
mostly in an anteroposterior direction (Massimini et al., 2004).
Although they can emerge at any part of the cortex, source esti-
mates showed they are most likely to first appear in the insula and
then propagate along the anteroposterior axis through the brain
midline (Murphy et al., 2009). It is tempting to speculate that a rel-
atively low GM volume in part of the insula may predispose people
to a less firm generation of slow oscillations. Slight interindivid-
ual differences in ability to ignite slow oscillations may become
noticeable only at the end of the night, when sleep is vulnerable
because homeostatic sleep propensity has dissipated.
From the perspective of present-day models on sleep regulation,
involvement of the OFC and comfort sensing in sleep EMA may be
surprising at first glance. The consensus model of sleep-wake reg-
ulation consists of a circadian process and a homeostatic process
and is aptly referred to as the two-process model of sleep regulation
(Borbely, 1982; Daan et al., 1984; Dijk and Czeisler, 1995). The cir-
cadian process refers to the timing of sleep and wakefulness driven
by the clock of the brain, located in the hypothalamic suprachi-
asmatic nucleus (Mistlberger, 2005). The homeostatic component
refers to the hourglass of the brain, that keeps track of the time
we are awake and gradually increases the pressure for sleep. This
pressure dissipates as soon as sleep sets in. The decrease follows
an exponential trajectory, so that most of the sleep pressure is
dissipated within a few hours of sleep (Achermann et al., 1993;
Leemburg et al., 2010; Van Someren, 2010). The neurobiologi-
cal mechanisms underlying this hourglass mechanism are not as
well characterized as the mechanisms of the clock, but are likely
to involve adenosine (Porkka-Heiskanen et al., 1997), cytokines
(Krueger et al., 2011), and an increase in synaptic density during
wakefulness (Tononi and Cirelli, 2006).
Recently, it has been argued that the two-process model of sleep
regulation falls short of recognizing that the ability to sleep also
crucially depends on whether sleep-permissive conditions are met
(Romeijn et al., 2012). Trivial as it may seem, one is unlikely to sleep
without feeling comfortable – one of the sleep-permissive condi-
tions – unless the circadian and homeostatic sleep drives are so
high that they overrule the obstacle of being uncomfortable. Along
this line of reasoning, a hypothesis can be forwarded on why a low
GM density in an area that is essential for comfort sensing would be
associated with EMA, but not with difficulties initiating or main-
taining sleep. The circadian and homeostatic sleep processes con-
certedly provide a very strong drive to sleep during the initial part
of the night, enforcing sleep even if sleep-permissive conditions,
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like comfort, are suboptimal. During the final part of the night,
however, the homeostatic sleep pressure has dissipated virtually
completely and the circadian clock is ready to switch to the promo-
tion of wakefulness. It is in this final part of the night that one can
presume suboptimal comfort signaling to interfere most strongly
with the continuation of sleep. Whatever the experienced impact
and reason of EMA – and subjects could well differ here –, it may
require optimal comfort sensing and signaling by the OFC to con-
tinue sleep after the arousals that normally occur more frequently
in the morning. This situation may be compared to someone being
able to sleep in an uncomfortable upright sitting position when
exhausted, while it would require the comfort of lying supine
on a bed to catch any sleep if sleep propensity is low. Although
admittedly highly speculative, this line of reasoning is amenable to
hypothesis-driven experimental studies, into the possible involve-
ment of OFC, insula, comfort sensing, and slow wave generation in
sleep complaints. Innovative hypothesis-driven studies are direly
needed to advance our understanding and treatment of insomnia;
still one of the least understood disorders that chronically impacts
the lives of so many, especially in the elderly population.
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